Figure 1. Expression of WNT-7a in Granule Cells Coincides with Mossy Fiber Axonal Remodeling
(A) Wnt-7a is expressed during the formation of MF-GC synapses. At P6, GC progenitors in the EGL begin to differentiate into postmitotic cells (dark). These GCs become bipolar and the cell body migrates to the IGL. MFs (light gray), originating outside the cerebellum, wait in the IGL to make synaptic contacts with GCs. At P12, GCs have begun to contact MFs in the IGL. The MF morphology becomes more complex and spread areas develop along the axon shaft. By P22, most GCs have migrated to the IGL and formed synapses with MFs. Multisynaptic structures, called glomerular rosettes (GR), form between one MF and numerous GCs. GC dendrites interdigitate with MFs to form multilobulated glomeruli. Wnt-7a is expressed at low levels in GCs as they extend processes and migrate from the EGL to the IGL at P6. Wnt-7a expression reaches a peak as most GCs make synapses with MFs at P22. EGL, external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer; MF, mossy fiber; GC, granule cell; GR, glomerular rosette.
(B-I) GC-conditioned medium (CM) induces axonal and growth cone remodeling in MFs. MF morphology under different conditions was revealed by GAP-43 immunolabeling. (B, D, F, and H) In DRG CM, MFs are thin, simple, with small growth cones (arrowheads) and defasciculated. (C, E, G, and I) In GC CM, MFs have enlarged growth cones (arrowheads) (C), spread areas (arrows) (E), numerous branches (G), and are thicker and fasciculated (I). Bar, 10 m for (B-G) and 25 m for (H and I).
of stable microtubules from spread areas of the axon 7a mimics the effect of GC-conditioned medium by inducing axonal remodeling. Second, secreted Frizzled-(Lucas et al., 1998). Subsequently, WNT-7a increases the level of synapsin I at these spread areas, a process related protein-1 (sFRP-1), a WNT antagonist, blocks much of the axonal remodeling activity of GCs. Finally, also mediated by GSK-3␤. These findings suggest that WNT-7a, by regulating GSK-3␤ activity, induces axonal the Wnt-7a mutant mouse has simpler, less mature glomerular rosettes at early postnatal stages. WNT-7a inremodeling and the initiation of synaptogenesis during cerebellar development.
duces the clustering of synapsin I, a presynaptic protein, in cultured mossy fibers. Conversely, the Wnt-7a mutant Here we have tested whether WNT-7a, expressed by GCs, is involved in mossy fiber GC synaptogenesis. We shows a delay in the accumulation of synapsin I at the glomerular rosette. These results indicate that WNT-7a, show that GCs secrete factors that induce axonal remodeling in mossy fibers. By three independent approduced by GCs, acts as a synaptogenic factor in vivo by regulating axon morphology and the accumulation proaches, we have identified WNT-7a as a GC factor involved in mossy fiber axonal remodeling. First, WNTof synaptic proteins. values. Hereafter, axonal or growth cone P2A values will be referred to simply as "complexity". Growth cones of mossy fibers grown in GC-conditioned medium have an average complexity of 67.7 Ϯ 7.1; whereas growth cones of control mossy fibers have a complexity value of only 36.0 Ϯ 3.4 ( Figure 2F ). These experiments demonstrate that GCs secrete factors that can induce axon and growth cone remodeling in their synaptic partners, mossy fibers. iment.
Results

Cerebellar Granule Cells
WNT-7a Affects Mossy Fiber Morphology
We recently showed that Wnt-7a is expressed by GCs during the period of mossy fiber remodeling (Lucas and Salinas, 1997 (Figure 2A ). In the presence of WNT-7a, mossy axons show a 36% increase in axonal area because numerous filapodia and spread regions develop along their length ( Figure 2B ). The growth cones become larger and more complex in the presence of WNT-7a (Figures 2A and 2B ). These changes were observed in approximately 70% of axons. These findings show that GC-conditioned medium and WNT-7a induce similar axonal changes in mossy fiber axons. We then examined whether WNT-7a presented as a soluble factor induces axonal remodeling. Mossy fibers cultured in control medium have a similar morphology to mossy fibers grown in SFM ( Figure 2C ). In contrast, soluble WNT-7a induces thickening of the axon shaft and spreading at regions along the axon ( Figure 2D ). Axonal area is increased by 30% in the presence of To characterize in more detail the axonal remodeling medium has a dramatic effect on both growth cone size activity induced by WNT-7a and GC-conditioned meand complexity whereas WNT-7a affects growth cone dium, we examined the microtubule organization in size more than complexity. These results suggest that mossy fibers. Cultures were immunolabeled with anti-GC-secreted WNT-7a may be an important factor for acetylated tubulin to identify stable microtubules. In the regulation of mossy fiber morphology. blocked by sFRP-1. A lack of purified WNT factors or WNT-neutralizing antibodies (for details on the properties of WNT proteins, see http://www.stanford.edu/ ‫ف‬rnusse/wntwindow.html) means that we cannot distinguish between these two possibilities directly. Therefore, to test whether mossy fiber remodeling is a direct result of WNT-7a signaling, we activated a downstream event in the WNT pathway using lithium. Lithium has been shown to inhibit GSK-3␤ and so mimic WNT signaling (Klein and Melton, 1996; Lucas and Salinas, 1997). Therefore, we tested whether lithium could mimic the effects of WNT-7a on mossy fibers. In the presence of control medium containing 10 mM NaCl, mossy fiber axons are thin with small, simple growth cones ( Figures  4A-4C, 4G, and 4H ). In the presence of 5 mM lithium, axonal area increases by approximately 40% (p Ͻ 0.05) and spreading is induced at regions along the axon shaft. Higher concentrations of lithium (e.g., 10 mM) induce the formation of larger spread areas along the axon resulting in a 52% increase in axon area ( Figures 4D-4F ). Growth cone size and complexity also increase with increased concentrations of lithium ( Figures 4G and 4H) . Addition of myo-inositol does not rescue the effect of lithium on mossy fibers (data not shown) suggesting that the effect of lithium is not due to inositol depletion (Atack et al., 1995). As lithium directly inhibits GSK-3␤ activity and mimics the effect of WNT-7a, we suggest that axonal and growth cone remodeling in mossy fibers can occur as a direct result of WNT-7a signaling. We next examined the effect of lithium on mossy fiber microtubule organization. In the presence of 10 mM NaCl, stable microtubules form tight bundles (Figures 4A-4C ). In contrast, 10 mM LiCl increases microtubule unbundling along the axon, particularly at spread areas and at the growth cone ( Figures 4D and 4F) . Addition of myo-inositol does not rescue this effect of lithium (data not shown). These results show that lithium mimics WNT-7a and suggest that mossy fiber axonal remodeling is mediated through the inhibition of GSK-3␤. Figures 5B and 5D) . We measured the area of synapsin I staining in P8, P10, P12, and P15 are larger than 60 m 2 whereas only 9% are this size in the Wnt-7a mutant ( Figure 5E Figure  5F ). At P12, there is a smaller, but still significant difference in the area of synapsin I staining between control and mutant animals ( Figure 5G) . However, by P15, there is no significant difference in synapsin I staining at rosettes between wt and Wnt-7a Ϫ/Ϫ mice ( Figure 5H ). These results show that Wnt-7a mutant mice have smaller areas of synapsin I in early postnatal glomerular rosettes (ANOVA, p Ͻ 0.001 at P8, P10, and P12). However, this effect is transient. Smaller areas of synapsin I staining may indicate smaller rosettes or a delay in the accumulation of synapsin I at rosettes. In either case, these findings suggest that a lack of Wnt-7a results in a delay in rosette maturation.
Wnt-7a Null Mice Have Reduced Synapsin I Staining
Delayed maturation of rosettes could be due directly to the lack of WNT-7a acting on mossy fibers or, as Wnt-7a is expressed during GC migration, it could be due to a delay in GCs reaching the IGL and forming contacts with mossy fibers. To distinguish between these two possibilities, we examined the migration of GCs from the external granular layer (EGL). A delay in GC migration would result in a thicker EGL and a smaller molecular layer. First, foliation of the cerebellum is normal in Wnt-7a null mice (data not shown), suggesting that early cerebellar patterning is normal. Second, migration of GCs appears normal in Wnt-7a mutant mice as the EGL decreases in size in a wt manner (data not shown). No significant differences were detected in the thickness or cell density of the EGL between Wnt-7a mutants and littermates at P6 or P8 (data not shown). These findings suggest that the smaller areas of synapsin I staining in Wnt-7a mutant cerebella are not due to a delay in GC migration but instead reflect a delay in the accumulation of synapsin I at the rosettes.
Glomerular Rosette Maturation Is Delayed in WNT-7a Null Mice
The reduced area of synapsin I staining at rosettes in Wnt-7a Ϫ/Ϫ mice could be due either to the rosettes being 
Discussion do not interdigitate as deeply into its folds as in wt
The formation of the multisynaptic glomerular rosette rosettes ( Figures 6B and 6D) . The average complexity requires interactions between a mossy fiber and several of Wnt-7a null mossy fiber endings is 25.3 Ϯ 1.8 comGCs. Here we show that WNT-7a, secreted by GCs, pared to 31.1 Ϯ 1.6 in the wt mouse (ANOVA, p Ͻ 0.05). plays a role in this process. Analysis of Wnt-7a null mice As simple, less convoluted, mossy fiber endings are shows that a deficiency in WNT-7a results in a delay in characteristic of immature glomerular rosettes (Hamori the morphological maturation of glomerular rosettes and and Somogyi, 1983), these findings indicate that a lack of in the accumulation of synapsin I. Our findings support WNT-7a causes a delay in the maturation of glomerular the hypothesis that WNT-7a is a synaptogenic factor in rosettes.
the mouse cerebellum.
WNT-7a Induces Synapsin I Clustering in Mossy Fibers
Granule Cell Secreted Factor(s) and WNT-7a Induce Axonal Remodeling in Mossy Fibers Wnt-7a mutant mice have smaller areas of synapsin I staining at their glomerular rosettes. However, EM studMossy fibers have a smooth and simple appearance as they enter the future GC layer. However, they develop ies show that rosette area is not significantly different between control and Wnt-7a Ϫ/Ϫ animals. These results a much more complex morphology upon contact with GCs (Hamori and Somogyi, 1983; Mason and Gregory, indicate that a lack of WNT-7a results in a decreased accumulation of synapsin I at the rosettes. One predic-1984). Studies of mouse mutants show that GCs can regulate the morphology of mossy axons. For example, tion from this finding is that WNT-7a should increase synapsin I clusters in mossy fibers. We tested this possimossy fibers in the anterior lobes of the meander tail cerebellum, which lacks GCs, have smaller growth bility in cultured mossy fibers. In the absence of WNT7a, mossy axons contain a low level of synapsin I with cones than mossy fibers from normal posterior lobes (Eisenman and Arlinghaus, 1991). In weaver, a GC-defivery few visible clusters of the protein ( Figure 7A) . However, in the presence of WNT-7a, mossy fiber axons cient mutant, mossy fibers are small with a simple morphology (Sotelo, 1975). Here we show that factors sehave an overall increase in synapsin I staining intensity and numerous synapsin I clusters are present along the creted by GCs induce the moss-like appearance of mossy fibers in vitro. GC-conditioned medium induces axon, particularly at spread areas ( Figure 7B ). This effect seems to be mediated through GSK-3␤ as lithium also spreading at regions along the axon reminiscent of that observed in vivo at future "en passant" synapses (Mason propose that WNT-7a, secreted by GCs, acts via the inhibition of GSK-3␤ to alter the morphology of mossy and Gregory, 1984). In addition, GC-conditioned medium increases mossy fiber growth cone size and comfibers. WNT-7a signaling leads to microtubule unbundling in mossy axons. This microtubule reorganizaplexity. These results suggest that the morphological changes in mossy fibers seen in vivo could be regulated tion may be due to changes in the phosphorylation of GSK-3␤ targets such as MAP-1B and Tau, involved in by GC-secreted factors.
GCs express Wnt-7a as they contact mossy fiber axmicrotubule assembly. Increased axonal spreading induced by WNT-7a, lithium, or GC-conditioned medium ons and initiate the maturation of the glomerular rosette (Lucas and Salinas, 1997). We find that WNT-7a, preoccurs at areas where microtubule unbundling is observed. Spread areas along the axon, reminiscent of sented at a cell surface or in soluble form, increases axon spreading, growth cone size and complexity in growth cones, have also been observed in neurons treated with microtubule depolymerizing drugs ( 
